The development of catalytic materials for the hydrogen oxidation, hydrogen evolution, oxygen reduction or oxygen evolution reactions with high reaction rates and low overpotentials are key goals for the development of renewable energy. We report here Ru (0) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
2 degrade in acidic electrolytes. For ORR performance, Ru/NG effectively catalyzes the conversion of O 2 into OH -via a 4 e process at a current density comparable to that of Pt/C. The unusual catalytic activities of Ru(0) nanoclusters reported here are important discoveries for the advancement of renewable energy conversion reactions. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
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Introduction
Hydrogen, an excellent energy carrier, has attracted tremendous research effort due to its theoretical highest mass energy density (120 MJ kg -1 ) and environmentally friendly nature. 1 Development of an effective and efficient catalyst to generate hydrogen by electrochemical or solar-energy-driven water splitting is critical to the development of hydrogen as a vehicular energy source. The capital costs of H 2 production by water electrolysis is $4.20/ggea in 2011 and in a target of $2.30/ggea in 2020 as released by the US Department of Energy. 2 Water splitting is comprised of two half reactions: hydrogen evolution (2H + + 2e → H 2 ) and oxygen evolution (4OH -+ 4h → 2H 2 O + O 2 ). Besides the intrinsic catalytic activity of the materials in the two half reactions, one of the obstacles slowing the development of the hydrogen economy is the incompatibility of the anodic and cathodic catalysts in the same electrolyte environment, which results in additional cost and concerns in device fabrication, such as corrosion issues and use of an expensive membrane separator. For instance, MoS 2 and MoP are electrocatalytically active in hydrogen evolution under acidic conditions, yet the electrocatalytic activity drops gradually under alkaline conditions. [3] [4] [5] On the other hand, metal oxides and layered double hydroxides (LDHs), such as CoO x , MnO x , and Ni-Fe-LDH, are electrochemically active for oxygen evolution under alkaline conditions, whereas these materials become inactive when used in acidic conditions, particularly due to the dissolution of active sites. [6] [7] [8] [9] Therefore, development of an active catalyst for hydrogen evolution under alkaline conditions would be advantageous to mitigate acid corrosion, while affording cathodic and anodic catalyst compatibility. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Platinum (Pt), a major precious metal commodity, has remarkable catalytic activity in the hydrogen reduction reaction. that are only edge-active, as well as self-optimizing performance owing to the combination of surface activity and weak interlayer coupling. 12 Yet these materials either suffer from high onset overpotentials and Tafel slopes, or a low hydrogen turnover frequency when compared with Pt.
(ref 3, 13) In addition, they degrade in alkaline water. Moreover, unlike Pt that is active in both hydrogen reduction and oxygen reduction catalytic reactions, biomimetic molecular catalysts and transition metal semiconductors are usually active in one type of catalytic reaction, and they become inactive when used in other systems.
In this work, we report a high performance electrocatalyst based on crystalline ruthenium (Ru) nanoclusters supported on nitrogen-doped graphene (Ru/NG) for both hydrogen evolution and oxygen reduction. For hydrogen evolution, the catalyst reaches an onset potential of ~ 0 V in both acidic and alkaline water with a Tafel slope of 44 and 30 mV decade -1 , respectively. The overpotentials required to deliver a current density of 10 mA cm -2 and 20 mA cm -2 in alkaline 
Result and discussion
The Ru/NG was prepared in two steps. to Ru(0) in NH 3 /Ar mixed gas at varying temperature from 350 to 850 °C, which also converts the GO to conductive N-doped graphene.
The morphology of Ru/NG was characterized by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Table S1 . It is noticeable that the atomic compositions percentages of Ru/NG-350 to Ru/NG-750 are similar to each other, and the nitrogen content increases slightly as the synthetic temperature rises to 750 °C. At 850 °C, due to the etching effect of NH 3 , the carbon content drops significantly to 86%. The surface area of (Table S1 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 and alkaline media, the HER onset potential of Ru/NG-750 approaches ~ 0 V, which is the same as that of Pt/C and indicates the sample exhibits a high catalytic activity. However, at lower or higher synthetic temperature, the HER onset potential of Ru/NG becomes higher. The current density of Ru/NG-750 reaches 10 mA cm -2 at overpotentials of 8 mV and 53 mV in alkaline and acidic water, respectively. The HER mechanism of Ru/NG is studied by Tafel slope shown in Figure 3b . As summarized in Figure S3 , the Tafel slopes of Ru/NG-750 decrease to as low as 30 mV dec -1 and 44 mV dec -1 in alkaline and acidic water, respectively. This suggests that Ru/NG-750 primarily goes through a Volmer-Heyrovsky HER mechanism with the Heyrovsky reaction as the rate determining step (RDS) in alkaline water, and aided with a Volmer (RDS) -Tafel HER mechanism in acidic water. 13, 21, 22 The performance of Ru/NG has outperformed the reported data with even higher mass loadings. For example, MoS 2 -based catalysts usually require > 150 mV overpotential to produce 10 mA cm -2 current at a mass loading of 200 to 300 µg cm -2 , primarily because these materials have a high onset potential at ~ 110 mV. 5, 13, 21 Metal phosphide/phosphosulfide can attain a current density of 10 mA cm -2 at ~ 80 mV overpotential at a higher mass loading of 1 to 3 mg cm -2 . These materials have lower onset potential at ~ 50 mV overpotential, whereas a higher mass loading is required to reduce the overpotential due to a higher Tafel slope. 3, 4, 23, 24 Nonetheless, Ru/NG-750 shares both the advantages of low onset overpotential and small Tafel slope. It is noteworthy that Ru only accounts for 0.6 at% of the sample (Table S1 ).
To further assess the intrinsic catalytic activities, the hydrogen turnover frequency (TOF), which evaluates the number of H 2 molecules generated per second per active site, was investigated in comparison to reported catalysts. The electrochemical active surface area (ECSA)
of Ru/NG was estimated from the capacitive currents at different scan rates in a manner similar Copper stripping for measurement of ECSA is not applicable here, particularly due to the dissolution of Ru in acidic electrolyte and precipitation of Cu 2+ in alkaline electrolyte. 25 The ECSA of Ru/NG and Pt/C reported here are overestimated, since both the substrate and Ru/Pt contribute to the capacitive currents, whereas the carbon substrate has little HER activity.
Therefore, the TOFs of Ru/NG and Pt/C are only conservative estimates. As shown in Figure 3c 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 dissolution of Ru in acid media. High resolution Ru3d5/2 XPS surface analysis ( Figure S4c) shows that the binding energy of Ru3d5/2 shifts from 280.9 eV to 280.4 eV and 280.6 eV in alkaline and acid media after cycling, respectively, suggesting an in situ reduction of Ru on HER cycling. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 some part of Ru/NG-750 substrate falls off during the cycling test in 1 M KOH due to the high hydrogen evolution rate.
Nitrogen-doping plays an important role in improving the electrocatalytic performance of Ru/NG. As shown in Figure S9a , the sample without nitrogen doping, Ru/G-750, displays a higher overpotential (~ 35 mV) to reach a current density of 10 mA cm The high-performance HER activity of Ru/NG-750 arises from the more highly crystalline Ru(0) nanoparticles and the high surface area of the carbon substrate. As analyzed by the XRD pattern (Figure 2a) , Ru/NG-750 has the better crystalline Ru(0) nanoparticles, which correlates to the much lower Tafel slope and larger TOF value as compared to Ru/NG synthesized at lower temperature. Although the Ru(0) XRD intensity of Ru/NG-850 is the strongest, the HER performance suffers from low surface area (Figure 2c,d ).
To further understand the intrinsic HER activity of crystalline Ru(0), we performed density-functional-theory (DFT) calculations using projector augmented wave (PAW) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 pseudopotentials 30,31 and a Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional 32 as implemented in Vienna ab-initio Simulation Package (VASP). 33, 34 The H adsorption is modelled by using few layers of Ru with the bottom layer fixed in the direction perpendicular to the surface. The differential adsorption energy, which represents the energy benefit/cost to adsorb one H on catalyst and therefore reflects the kinetics of HER, is defined in eq 1: (1) where G[metal+nH] is the free energy of the catalyst with n H atoms adsorbed, and G(H 2 ) is the free energy of an H 2 molecule. We find that G diff = -0.08 eV for Pt, and -0.2 eV for Ru.
According to Sabatiers' principle, the optimal G diff at pH 0 should be close to zero. 35 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 is further evaluated using a rotating-disk electrode (RDE) at different rotation speeds ( Figure 4c ).
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